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ABSTRACT 


It is observed that Induction Motors are customarily 
protected with bimetallic relays which are not adequate to 
safeguard motors under all operating conditions. In the age of 
electronics even today not much literature has been published in 
this important field. 

Some of the traditional negative sequence networks have 
been analyzed in detail and improved by making use of the 
Integrated Circuits and associated devices to get better perform- 
ance, Induction Motor performance under sin^e phasing with loaded 
open phase has been carried out in star and Delta connection and 
verified practically in laboratory to give an idea of various 
operating parameters for relay sotting. A modified current 
transformer has been suggested for better linearity and reduced 
cost, Dor proper caliberation an electronic three phase lab. 
power supply is designed which can be programmed for simulating 
different type of voltage unbalance at variable frequencies. A 
hybrid scheme using voltage and current sensing is designed to 
achieve multiple functions like motor derating, rate blocking etc. 
automatically. The emphasis Is placed on optimizing the use of 
each component to make the whole scheme coimnercially viable. 



INTRODUCTIOF 


Induction motors which are termed the work horses of 
Industry play such a vital role in every process that it 
becomes essential to protect them against many operating 
conditions which might arise during the course of it*s use. 
Protection of Induction motors is essential also for the 
reason that although they are cheap compared to other types 
of motors, still they cost a substantial amount and the time 
required to repair any damage is comparable to that required 
for other motors. This might adversely effect the overall 
economy of a process in the event of failure or damage of 
the motor. To avoid such a situation, it is always better 
to have a protection scheme vrhich C9,n efficiently sense an 
undesired operating condition and trip the motor preventing 
long term damage, although the percentage cost of protection 
vis a vis motor cost may be a little higher compared to this 
ratio for other type of motors i.e. synchronous motors, D.C. 
motors etc. 

General practice has been to use bimetallic relays 
which are, beyond doubt very robust for industrial appli- 
cations, but they are current operated devices and hence 
they can not discrimate any quantity which is voltage dep- 
endent, They discriminate unwanted voltage conditions ind- 
irectly by sensing current which is governed by parameters 
of the equipment on which this voltage is impressed. These 
bimetallic relays can act as over current sensors and thus 
prevent total burnout of the equipment but they give very 
little flexibility where protection strategy is to be based 



on several input quantities such as voltage, current, power 
factor etc etc. Even when operating as overcurrent element, 
bimetallic relays can not distinguish between a constant 
overload and a transient overload. Any effort to provide 
such discrimination ultimately boils dovm to adding time 
delay in operation which in turn may be dangerous for the 
motor. Moreover the performance of these relays is apt to 
be effected by ambient temperature and humidity also and it 
becomes difficult to set them accurately. 

A simple solid state relay with very limited number 
of components can provide adequate protection against all 
the fault conditions and at the same time can be made much 
faster. The same unit can be used for a wide range of motors 
by making adjustments in the same unit. 

Several single phasing preventers are available in the 
market using electronic components but they have several li- 
mitations. An effort is made to design a protection scheme 
which protects the motor under different unwanted input con- 
ditions keeping in view the fact that unit does not become 
unnecessarily complicated and costly but still maintaining 
the functions it is supposed to perform. 

The design is based on the requirements of the motors 
to be protected as mentioned below. The use of electronic 
devices has been optimized to reduce cost and size. The eff- 
ort has also been made to make it a generalized design for 
all kinds of motors. Por proper calibration of the unit a 
lab-test three phase supply is electronically generated whleh 



has the flexibility of simulating different kind of fault 
conditions which the relay has to sense. This supply eli- 
minates the need to resort to three phase power supply 
available from , main lines as it may not be balanced at 
the time of testing of the relay. Also the frequency of 
mains may not be exact 50 cycles. The electronically gen- 
erated supply can be varied in frequency for doing frequ- 
ency response test of the relay without effecting the 
phase and magnitude of the generated voltage. 

The need for protection arises out of the f o llowing caus es : 

( 1 ) Due to phase failure, phase sequence change and phase 
unbalance : 

Vfhen one phase of a three phase motor fails, it 
draw large current from rest of the two phases which 
may be within the operating current range of the mot- 
or if it is not heavily loaded. This might damage the 
insultation of one of the windings of delta connected 
motor. When phase unbalance occurs, the rotor heating 
increases greatly although the torque is not greatly 
effected. With 1.0% negative seq. voltage, the copper 
losses increase from 2.8/ to 4.5^ while torque redu- 
ces by To keep the heating in machine const- 

ant the machine should be derated. The derating fac- 
tor- comes out to be 2.2^ derating of current for 1% 
IT.S voltage. This dynamic setting is incorporated in 
the IDMT generator of the unit described in Chapter 5« 
Phase sequence change may not be desirable for pumps, 
printing presses, fans etc. 



A Negative Sequence filter is designed with proper 
frequency compensation to derive true Negative Sequence 
voltage under above mentioned conditions. A detailed 
analysis of voltage generated in the open phase of a 
motor running at almost synchronous speed is done in 
Chapter Two and logically a imbalance condition is 
derived as optimum for setting of N.S. voltage to trip 
the motor. Obviously those functions can not be acheived 
by bimetallic reliiys* 

( 2 ) Due to overload, load .jamming and bearing failare : 

When the motor is overloaded, heating in winding 

increases and to avoid insulation failure the motor 
should trip in a finite time depending upon the amou- 
nt of overload. Also for short term overload the motor 
should not trip unnecessarily. An Inverse Definite mi- 
nimum time stage is used in conjunction with overload 
sensor to trip the relay. A modified type of CT is al- 
so suggested for sensing the current for this stage. 

A derating feedback from Negative Sequence stage is 
compounded with this stage, 

( 3 ) Due to overvoltage and undervoltage conditions : 

During high voltage condition the magnetic path may 
get saturated and harmonics in the motor may be gener- 
ated which may cause heating. At low voltage the motor 
may come to a stand still or may not start at all. 

The current during high voltage may not be very 
large to cause tripping on overloading but harmonics 
content may be come large to cause overheating hence 



overvoltage sensing is a better resort than over- 
current under such condition. 

Due to long acceleration. High ON/OFF duty cycle 
and rapid reversal : 

During each of these conditions the motor 
draws a large current and the motor may be rated 
for such intermittent operation such that steady 
state current is still comparable to some other 
motor of the same rating. ¥ith bimetallic relays 
we may have to set it for larger current hence 
protection will not be provided under steady state 
conditions. This section finds out the rate at wh- 
ich the current is falling and if it is more than 
the adjusted setting the overload section is bloc- 
ked, During such overloads the low voltage section 
is also shut off to avoid false tripping of the 
motor. 

Due to loss of load ; 

Sometimes loss of load may not be desirable 
for pumps etc. when they suck in air. Such a con- 
dition can bo sensed and motor stopped by electr- 
onic relay, 

Overfreouencv and underfrequencv sensing : 

Overfrequency and underfrequency tripping is 
required in some applications where vibration inc- 
rease on either side of 50 C/s. Besides this cert- 
ain gea* coupled drives and frictional loads will 
cause excessive power input at overfrequency beyond 



a limit. This sensing is provided in the freque- 
ncy compensation circuit of the Negative Sequen- 
ce filter and can be adjusted according to requ- 
irement. 

Due to insulation failure of one or more phases : 

G-round faults may be developed due to insul- 
ation failure which have to be detected as quickly 
as possible to avoid further damage to the winding 
and housing. A zero sequence CT surrounding all the 
three windings is used in conjuction with a 50 HZ 
band pass filter. The trip current is adjusted to 
100 a Mp« 

Protection fail/safe arrangement : 

This is a common feature of any protection 
scheme to safeguard the equipment i.e, trip it 
when input power to protection fail , This is ach- 
ieved by using the N/O contact to activate the 
main contactor. 

The block diagram of the overall scheme 
is given on the next page. 
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CHAPTER -II 

Analysis of Induction Motor Understeady State When One 
of the Fusos Blows : 

Assiine a three phase induction motor running at 
full load having a largo inertia rotor. The motors gen- 
erally run at 2 to 3 % slip. Suppose now one of the phase 
fuses suddenly blows off, due to the inertia of rotor the 
machine will take some time before the speed reduces. If 
we neglect the electrical transients in the motor winding, 
which die out in the order of a few tens of milliseconds, 
we may take the steady state model of the mnehines with 
slowly varying slip. This is important because when one 
of the fuse blows, the induced BMP in the open phase due 
to the rotating magnetic field inside the machine may be 
appreciable and of such polarity and phase which may pre- 
vent the tripping of motor, because N.S, circuit is not 
able to detect the disconnection of motor due to this 
Induced BMP. ¥o first develop the mathematical equations 
governing this induced BMP assuming absence of electrical 
transients within the machine. ¥e first analyse a star 
connected motor because- -notorsare started in 


star mode 
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■fchen, Iv + = Of = 0 

' o c ^ a 

(neutral is not connected) 

Therefore !>, = * I 

0 c 

Treating phase ’a' as reference 
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1- _ a P o 
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lS=^ = 1 I/V3 


- d l/V 


Where and are positive and negative sequence curr- 
ents respectively-. 

How froB two revolving field theory of induction 
notor we take the positive sequence and negative sequence 
equivalent circuit which do not interact on each other 
due to the synmetry of the induction machine structure and 
balanced three phases. 
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ToSittV®' ^ac^uewcjs, C\vCife\. 

^ V ^~“ " 


'^v.^Cijj 2- ■ Between terminals P and Q is shown the positive 
sequence impedance of the motor. The circuit develops 
a positive sequence voltage across PQ which does not 
interact with negative sequence network which is shown 
below. 


Xt 



Between terminals R and S is shown the negative 
sequence equivalent of induction motor. Current produ- 
ces negative seq, voltage V^, 

Treating tho positive seq, impedance = 

Mego-tive seq, impedance as 2i^(s) where *s* refer to slip 
and not the 's' domain, we get 





voltage 


Jfow * aY + a^V^+ V„ 

cn p n z 

V, = oc\+ aV„+ V^ 
on p n z 




Therefore, Y, = - V. 
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= dV'3 - 3V'3 V. 
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or = 

P n 

CO 

- 17 ? 
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n nn 
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-T- j -^cb 

or I = 2--*'V'’ 

• 1 

pm nm 


Therefore, Y^^ * 

^ Utl 


s 

% (2, 


cb 


cb 


... (I) 


Z p POl 

- z ) 

pm im' 


'n nm 


Nov from I 


V. 


an 


/ v ( Z — Z ) 

, cb nm nm 

f ^ pm nn 


•whore Z^„ and Z^_ are 
pn xHa 


functions of slip* 

ITour looking at the phasor diagram 
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‘ ■'i VcV 

I jr 
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Vc,ki 

f-^ 4 - 



il 


^an perpendicular to and further rotated 


by 


Z - Z 
•pm nm 

“■•■Mfc w iw— Hu a- 


7cb 


= Z/9. Vector is = 


Z + Z 
pn urn 

. i.e, when the three phases are healthy and balanced 
'^cb 


normal 


vector V^ under healthy condition. sVobovv 
Z Z. 




So V * V » -ES m 

''an ''an Z__+ Z. 


■where V„^' stands for 

cXxl 


pm nm 

line to neutral voltage under healthy balanced conditions. 



V.^ is generated due to the rotating field inside the mac- 
mi 

hine and is a function of positive and negative sequence, 
impedances of the machine which in turn are functions of 


slip. 

Therefore, V^^j^Cs) » V^^' 



(s) - Z 
( s j + Z 


nm 

nin 



• •• 


II 


Taking a case of 50 HP motor [2] wo have r^^ = 

.19-^/2, = j 1.12/2, r2 = x^ = ^ 1.12/2, 

j 16.8/2 . At standstill s = 1 and Z^^^ = Z^ -so 

'^av,(0) = 0» the N.S. network will sense it and trip. 
0*11 

At full load s = .026 
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r 2 ‘/s = 5.6J^ and E 2 ’/ 2 -s = .145 


T" 


j ,56JL 


Therefore, « (.095+.563) + (5.6 + j .56)»' j 8.4 

and = (.095 + .56 j) + (.145 + .56 j)** j 8.4 

this shows that at s = .026, ^ > Z^„ 

' pn nn 

Therefore, from equation II we ^et 


an 


(s) 



pm 


) 


( 1 + 2 ^) 

pm 




pm 




nm 


r\J 


Y • 

an 


Thus the generated voltage will be approximately 
same as the normal line voltage. Hence a large motor ru- 
nning at full load with large inertia, when suddenly one 
fuse blows, will generate open circuit voltage of same 
polarity and phase as the healthy lino voltage because 
the normal slip does not reduce due to the large inertia 
of motor. 

To overcome this difficulty we try a modified N. S. 
network. Three impedances 'Z* are connected across each 
phase. The use is made of the fa.ct that as long as all the 
three phases are alive, they act asideal voltage source and 
impedance ’Z' acts as a load. I'^hon any of the phase is dis- 
connected, impedance *Z' loads that phase. Assuming that 
H.S. sensing network is a high imnedanco network , it acts 
as an almost open circuit and whatever internal voltage 
is generated inside the phase, appears at terminals, but 
if 'Z* is comparatively low impedance, it loads that phase 



1 » 


and causes voltage drop when the fuse blows from that 
phase. 



€.<^U\'crA^ C\c,t <3^ C*^viV\ot(t 

\\M\p€.Ac\.V\CS- *• 

4 . 



Analysis of no tor with external innedances Z : 
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^v^^hase *1)' and phase ‘c’ are healthy phases and phase *a* 
opens out. Impedance 'Z’ is connected across voltage so- 
urces so it does not play any role. Rest two impeda- 
nces 'Z' are connected to phase 'a' which has some inter- 
nal impedance. 

Now, 

V - V - V 2'V (V- + V ) 

.. an bn , an cn an ^ bn cn. ttt 

ssr ■O M -' N ^ *■ " ',**' s= ‘2 ♦•♦XXX 

also I^+ ~ 0 so I_ « 0 

a D c o 

Hence ss 0 

Now denoting positive and negative sequence currents as 


I 


P 




V„ = Z^„ and 

p p pm n 

Also from previous analysis 

V 


I Z 
n nm 


V - V = 
P » 


cb 


.... IV 


Prom III, 


I + I 
p n 


2 ( V^tV^ )-> ( ^ 


2(V^4.V^)+(V^4-V^) 
* Z 

V^ v„ 5(V +v ) 

or — 

^pm nm 

or V ( ^ - |) = V (| - 2 ^) 

F ^pm nm 

!Ea 




or ?. = T. 55 . 2 


n p 
5 = -V. 


nm 

3Z -Z 
pm 


nm 


nm 


^ 3Z - Z Z 
^^nn pm 


♦ ♦ ♦ ♦ 


V 
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Substituting in IV 

3Z « Z 
^ vn 

5Z-_- 


V (1 + 
P ^ 


nm 


nn\ 

Y-) 

pm 

r 

cb 




’'ob 

W5 


iir3 [ 1 * 5^;;^ • 


... VI 


also, V 


an 


V + V 
p n 


From V, substituting V 


n 


V 


an 


32^..*- Z 

V ( 1 - .^s — 


run' 


pm 


Substituting the value of V„ from VI 

3Z - Z Z ^ 

T pm nm 

” - Z • Z 

nm pm 

z 


V 


cb 


an^lTJ 


^cb 

m 

^b 

T?I 


_ . cb 


1+ 


pm 


nm 


- Z • Z 

nm pm 


3Z Z -.ZZ 
pm run pm 

Z ^T'zz + ‘ 'Hz Z 

TMn v\Tn r\m • ymti v\Tn 


32 Z + ZZ 
pmjm ^ nm 


pm nm 


pm 


pm nm 


nm 


(2 - 2 ) 2 

I nm- 

Sz_Iz„ - Z(Z__+Z„„) 


pm nm 


pn nm ' 


pm 

^nn)- *^^pn^nm/.2_ 


VII 


where and Z„„ are functions of slip, while 'Z* is pure 

pm nm ^ 

impedance independent of slip. As speed reduces Z^ — 


:r 


■'r'*: ■■?. cxw^ “Zl- Vsm 


yjaX^\e. ci-rolps 


If Z = oo weget 


16 


\n-Z =oo =777^ 

*' ' pn ma 

How say the machine is running at ’O' slip so that 
^nm* Substituting in VI I weget. 




= V ' 
an 


Z* 


nm 


.... VIII 


is now properly chosen, we get V ^^ less than V^ ^ ’ 


If 'Z' 

even at aero slip when one of the phase opens out. 

From the 50 HP motor data of previous section 


we 


obtain Z^ Ci? (.145 + .56j) 

Suppose we chose Z = 140 Z^ then from VIII 


an 


V ' 

an 


140 Z^^ 

TW^ * 1-045 V^^’ 
^ nm 


i.e, almost 5% disbalance at zero slip. 

How 140 Z^ = (20.3 + 78. 4j) which is .very small imp- 
edance and causes considerable power loss and loading of 
each phase under healthy condition of line (500 Watt each 
phase). It a highly resistive load is applied i.e. say 
60 Watt resistors/400 Volt., the Z is so large compared to 
6 that it has hardly any effect on H.S. voltage as has 
been experimentally verified for a star connected motor. 


Experiment Motor specifications i- 3 HP, star connec- 

ted, 400/440 Volts, EPM 1420 . 


Observations 


Line to line voltage = 300 Volts 
Ho load current * .5 Amp, 


Healthy 

condition 



IT 



"I- 


Phase *a* opened 

= 300 Volts. 

V^ = 260 Volts, 
ac 

Vab = 196 Volts. 

With 50 Watt load on each 
phase and phas e * a^ opened ; 

Vcb = 300 Volts. 

V^„ = 260 Volts. 

Vab Volts. 


The V„^ vector bends due to the fact that in star 
an 

connected mode the positive and negative seq. impedances 

are hi^ compared to /Liv connection and hence ^nn'^^pm'*’ 

^nm appreciable ratio to effect Vaj^’ substantially 

while presence of external ’Z* does not have marked effect 

on V^_. 
an 

■Analysis of ^ connected motor :~ 


cr 

a 
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^ac ” ^ba current through Z , Since ~ ^ 


ac 


^ba 

'cb 


also 9 


7 


ca 


V. 


be 
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an_ + oI_ - I 
P n 

al^ + aV - II 
P a 

I„ + I„ 
p n 


+ a7^ 
P n 

+ ^r. 

P a 

<xY^ + a^Y^ 
P n 


Since I„ and Y^ are zero 
o o 


Prom I and II 

a^I^ + al^ = al„ + a^I^ 

• P.. n p n 

(a^ - a)I^ = (a^ - a)l. 
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= I. 


Now, 

V 
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Y. 


V + V 
p n 

be 


IrH(Z^+ 2„) 
P P ^ 


Z + Z 
p n 


where * z * ' z 
p pn 

and Z„ = Z„„” Z 
n ‘Xim 

where Z^j^ and Z ^,^ are positive and negative acq.uence imp- 
edeances of the motor and 'Z* is some external loading 
impedance. 


Now I«^ = o I + al„ 
ac ^p n 

(a2+ a)V^ 
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z„+ z„ 

p n 
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Iv = I 
ba ac 

2T 


be 


cb 


Z + Z 
p n 


Therefore, 

- 
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^cb “ ^ba 
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ca 


zirs 


’n^’bc 


z + 

p 

(aZ^+ a^2 
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nm 
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nm 
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- IV 
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pm nm 
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ca 


OC 

— ^ " ■ same as equation III 


pm 


nm 


Hearnanging T 


(« Z + aZ„^) 
' pm nm 


Z Z 
pm nm 
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ca 


— ‘^"2 — z — 

(<7 j. 7 ^ pm nm 

V^-rvtr. ■*' "v,™/ “*■ 7. 
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be 


pm 


nm' 


This shows that if we reduce Z to make large 

we get more disbalance in the system. So to affect any 

Z Z 

substantial change in the overall ratio, should 

be at least 3 % of Z^„ i.e. 20 times But Z^„ it self 

^ pm pm pm 

is small (typical values in the example of 50 HP motor), 
so if we chose Z as purely resistive it causes large po- 
wer drain. Inductors and capacitors for this rating become 
very costly and hence we resort to a N.S. sensing network 
without external impedance (Z). 

How from the test of 5 HP m/c we have the following 


data 


Applied voltage = 400 Yolts. 

when one phase *a' ^is opened 
\b =556 Volts. 

- 380 Volts. , Input no load current = 5.5Amp. 
etc 

To calculate positive and negative seq. impedances of the 
motor. The following data is obtained. 
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Ho load teat on motor 
Input volts = 300 Y 

Input current = 2 Amp. Speed = 1470 rpm. 

Input power =100 Watts ( Kuvviinei:! 

Slip = .02 

Blocked rator test 
Input voltage = 40 7 
Input current = 7.5 Amp. 

Input power = 180 Watt. 



Ffoj 1 1 . 


Assxuning the whole current goes to rotar 




(7.5)‘ 


== 3.25/0 


cA 1.6/0. , OA- 1.6/1- 

7 = 0 I + X^) + I (% + r) 

3 7.5 di + Xg) + 12 

Therefore, |7[^ = 12^ + [7.5 

J40\^ = (12)^ + [7.5 (X^ + 12 )]^ 
Therefore, 1X3^ + ^2! = 5JV- 
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From Fo load test 

^2 ry 1.6 

s .02 ■" 


80-/1 


Therefore, R =: 100 

T 2 •— ~'i I oc 


1.06 Amp, 


So 


2 


, 2 tii.oey + ^ 


or 2^ 


1.125 = 1^ 
\ - 1.7 Amp. 


hence, 176 -A- 

' m 1, / 


Z X ’ ' 

pm m 


s 


.i 176 X 80 .i 176 x 80 /«p, ^ 

eT+’ TiT^ = ^3'mt ~ ^ 


pm 


nm 


= .3767 (176 + 0 80) 
(66 + i 30) 

3.2 + j 5,0 


Fow we substitute the values of Z _ and Z in the foil* 

pm nm 

owing equations to calculate open phase voltages. 


ca 


a Z + aZ 
pm nm 

‘ " " F""! : 1 — 

pm nm 


(=1 ^ jl^) (66 + j 30) + (^ + 3 ^)(3.2+ 3 5.0) 


'be 


69.2 + 3 35 
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i^(69.2 + 3 35) - [ 65 + d 25] 


- ZL^ 


[69.2 + d 35] 

t . 21. 6, ,d ^ 


69.2 + d 35 


be 


69.2 + d 35 


be 


be 



72.18 

77.54 



= ..93 X 400 = 372 Volts. 

(^ + d^) (66 + d 30) + - d^)(3.2 + 5 d) 

'’ab = g'9.'2 + d l5 

=f(69.2 + d 35) + d^(63 + d 25) 

= “T9T2'T' d 35 


•2^zJJ.:4 2 ± 1 y. ^ 

1^2 + d 35 


= =^W - iW = 7f?54 »V! 

= 550 Volts, 

The observed values for 7 ^^ - 380 volts and V^^^ = 

356 volts. So the results closely mateh the praetically 
observed value. 

To calculate the value of IT. S. voltage practically 
observed we proced as follows* In the . triangle,.- 

after scaling by 100, 



A«soV‘ pc-j V2_ 

(3,6^ - = (3.8)2 ^ 

= (3.8)2 « 16 - x2 + 8x 
8x = (3.6)2 (,;.e)2 + 16 

X = LL>iJi-:. L^ ,Q) \i s 

^ 8 

= 1.815 

so X e 181,5 Volts 

CosO « = ,504166 

so, © = 60° 

Vector V^^ is shifted by 30° and V^^^ by - 30° so they 
overlap . 

hence, N.S. voltage = 400 -« '^60 = 40 volts. 

^ 0 / ^ 
which is of line to line voltage. 

The inpnt current of 5 HP motor rated for 7.5 Amp. is 5.5 
Amp. under such condition. 

This suggests that H.S. circuit should be capable of tri- 
pping the relay when N.^, voltage is more than 5/^, . This 
physically implies that relay trips when the voltage of 
two phases is 380 V each and of third phase is 400 volts. 


ifoov 

13 

F.S, voltage Ti 20 volts - 5 % • 
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CHAPTER III 


Design of Sequence Filters 

Since ground is gei9r«ra,lly not available vrith three 
phase systens it is better to base the designs- on phase-ph- 
ase quantities rather than Phase-Neutral quantities. This 
results in considerable cost reduction due to absence of 
neutral wire. Electronicaly the amplifying devices are not 
strained due to switching of other equipments xrhich have 
neutral return path causing transioats in neutral voltage* 
This increases the reliability of overall system and reduc- 
tion in maloperation of amplifying and switching devices. 


Tadcing phase quantities into consideration. 


(X) 

( 2 ) 

(3) 


V+Zba+Zcb 


= 0 (due to closed triangle) 


^ V, + a Y. 
ac ba CD 

V* 

Vc 

‘Ft'j . 


a s 


.3 /laa” 


-3 / 120 ° 


Substituting from (1) 
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- (’^ba ^ob> + 


- 1) + ^cb 


(4) 


Solving, 


a^ - 1 = V’^ e^ £_^ 

a - 1 =^36^ /150 


V'3 e^ /210 


Substituting in (4) 


"ba ^ - ^cb ^ 


'^ab® 


3 Z20l 




V..e5 ^ 


^cb®’' 


Similarly 


- <V + ^ob> * ®^ob 


- 1) V + ’ob 


Solving, 


(a — l) 

(a^ - 1) 


lf3 e3 ^ 

r3 ^ 




3 /150° * „3 /210° 


y @3 /— 30 ^ -f V e^ 

"ab® ^ ''be® 

V.^e^ -^=22 _ v.,.e^ ^22- 



Hence steady state sequence quantities are 
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'0 




V3 


(5) 

|. . • . ( 6 ) 


w.r.t, phase V 


ac 


The advantage of equs. (5) and (6) is that they are in 
the difference form of vectors and shifted in 
phase by 30®, Hence these quantities can be monitered by 
any measuring device connected across these two vectors. 
This avoids need of a summer . But the disadvantage is th- 
at in equs. (5) and (6) the same vectors i.e, and ^cb 
are shifted in phase opposition so to derive positive Seq, 
amd Negative Seq quantities each vector requirstwo netw- 
orks to shift it by + 30° and - 30°, Hence four phase 
shifting networks are required. 

Since we are interested in the magnitudes of + ve 
and - ve sequence quantities and not their relative phase 
we can chose different reference phasors for these two 
quant itives. 


Say we chose V, 


ac 


sequence quantities so. 


as reference for the positive 


0 


( 7 ) 
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Kow we chose as reference for - ve sequenco quantity so, 


^2 = 


^ba + ® \c 




(a" - 1 ) (a - 1 ) 


T e3 ^ H- 7 ^ 

ac CD 

V3 

^ J Z50 ^ ^ 3 /=20 

ca DC 

V « y ©3 /22 

be ac 

. / V3_ 

y - V , e^ i-=20 

ca cb 


... ( 8 ) 


From equs, (7) and ( 8 ) it is now seen that Zr52. ^3 

common. Only one extra phaso shifting network is required 
to ^shift the phase of. V by + 50°, For convenience we take 



from as refers* 
ac 

nee and 


V + 1 ^-2. 

ac cb 

^3 

V ^= 22 ° + / 2 £. 

ca DC 



with as 
reference 



29 


Synthesis of phase shifting networks 

We have to shift the phase of each vector by + 30° 
or - 30°. We may use any scaling factor derived from the 
network impedances. Since the phase shift is^S0° we can 
use only passive synthesis 



where 

K is pure real scaling n\imber 



1 

3 ) 


Chosing (jw) = R 



or Z 2 [K - ^ + d « .R [ ^ - 3 |- ] 


or Z 2 



K > 1 






30 


K 


Chosing 



E ^ - 1 

(E * i 


not possible due 
to CO mpl exroots 


1 - y3K + “ = yjE - 2 
or E^ ~ ayjK +3 =0 


K = Z. 12 „. 

2 

22 ^^^) = f - 3 a * C 


= ^3 

n 
2 _ -, 




3 


1 

, 2 ^ 
^ T 3 R 


This is a series combination of resistance s.nd capacitance 
1 


r + 


wC 


3WC 


m 


0 "Y3~x R X w 

Chosing ^ = 120 E 

or R = 240 E 


2 

= 2 ^ ^ 50 X V 3 y- R 


c = 


2it X 50 X y3 s: 240 x 10 
1 


^ 2ii X 50 X ^3 X 120 X 10' 

-6 


^Farad 


2ii: X 6 X V? 10 

.0153/tfarad, C,^(t-YO--fa^cl ^ 


12 X ^3 
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So the network becomes, sVawvv. cw\-^v«^ 

^ ■Ti 

\ /VW v/VW 1 — 


1. 


l2LoK 




i 1 

_J 1 

) 

■z:«5' 


"T 

i 


(2pK 


-QtS5 

LJ..1 


i 


B'-j IS . 

Another choice would be C = ,01 |j.fd/600V (as it is easily 
available) Prom (9) 


R 




X 27c X 50 X .01 X 


If®" 


7 


10' 


\r3 X 71 X ,5 X 10' 




367 K 


R 


~ 183 K 


and wRO = 


tT? 


■%/\/W vAAA/ 




•od. 

>> -^<1 


o 

Row we have to synthesize a network for rotating the input 
o 

3Z3gl 


vector by +30 

7 V.e"^^ 


T(3w) 


o _ 




0 Z20 

K 


J Z20 


Y.e- 

. «JL 

o K 
and K is a scalar. 


, where Y 


Zi + Zj 


K 
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Now chosing Z2 = R 

£ q3 

Z^+R ^ K 

or KR = (Z^ + R) [ ^ + d|- ] 

Therefore, Zj^ [ + 3^ ] = R [ K — — 3^ ] 

R [E - - i] 

+ j|] 

[K-^ - 1] [J^ 

= R 

[| + |] 

= e[1^e::i - d|] 

= R[^E-.l] -j|R 
Chosing ^ E - 1 = | 


we get tho same amplification factor 
^ as in phase lag network 


- i D. 
J 2 


This equation is same as derived for Z2 in phase lag network. 
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V = 
o 



e3 /22 


O 


Hence the same network acts as a phase lead network betw- 
een B and G and phase larg network between A and B with 
same attenation of 

Practical circuit taking into account 10%, tolerance is 
capacitor values would be as shovm below : 



T(s ) 


+ Z 2 

SC R 4- 1 
= j-SQ-g~T"i “ 


R + 


1 - 

sc 


2R + R 


1 

5 


s + 


1- 

sc 

JL 

RC 


s + 


1 

3tc 


step responce of the above circuit is now derived. 


Vo(s) 


1 (SG R + 1) _ i. 
S 3SC R + 1 ~ 3S 


A 


B 


S 


a. 1 


_ 1 2RC 
~ S “ 1 + 3 SC 



a-qt 


Therefore, “ f 

= l-UoCt) + I (1 - 0-V3 RC)u^ 

1: = 3 RC = 3 X 180 X 10^ X .01 X 10 ”^ 

= 18 X .3 X 10“-^ 

= 5.4 m second. 

Assuming any sudden change in input voltage the circuit 
settles down in about 3 -c i.o. about 16 m second, hence 
the response time is well >rithin one cycle and acceptable 
from practical considerations. 


of Neiga-tive Se quen ce lilter 


Since the phase shifting is achieved by lumped ele- 
ments, the exact phase shift of + 30*^ s-^d - 30 is achieved 
at 50 cycles only and any variation in frequency causes 

both amplitude and phase error in the output of Negative 

<x. 

Sequence filter. Since generally a variation of + 4>fo is 
observed in frequency of mains supply it is necessary to 
incorporate proper compensation to avoid error in the out— 
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R + 


2R 


3R + 




SC 


sc 


5 R + 




SC 


^2 

6 V 2 

^F~ 


2 SCR 


,r SCR + 1 „ .. 

3 SCR + 1 ~ ^ 

2 RC. ( 1 4- 3 SCR ) ~ 3 RC x 2 SCR v^^(s) 
( 1 + 3 SCR )^ 

RC ( 1 + 3 SCR ) ~ 3 RC ( 1 + SCR ) ^ 

( 1 + 3 SCR 


2 RC 


( 1 + 3 SCR ) 


■2 ^ab(") ^ 


2 RC 


(1+3 SCR) 


2 ■^cb^") 


2.RS ^ (\b(s) + 

(1+3 SOE)^ 


6V, 

4 

S^r s = jw 


2 RC 


6V, 


(1 + 3 

2 RC 

(1-9 W^R^C^) + 6 jWRC 

2 RC 


[ Vg^b(aw) + v^T,(aw) ] 

C V3_^(dw) + V^fe(3w)] 


Therefore, FS^I™ _ 4 ,, ~ — p 3 '"9 

6 S Is - jw ( 1-9 irR^C^) + 06 RC¥ 

.... (11) 

1 

Prom Bqu.(lO) the components are chosen so that VJRC = ^ , 

substituting in ( 11 ) 

1 


STOC 

w 


= Tf 

s = j w 


anci RC 


1 


^ Sg (^ab ^..b> 

(1 - 9 X I*) + 3 ^ 


^^ab - ^cb) 

V'3 ¥ (~2+ j^) 
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6Y^ 

5T“ 


f3 f X 2 


\b ^ ^cb I 


6V 


li 


poak 


Wi X 2 ^ '(^ Tabl 

^ab _ f-3 X 22 0 x \f3 x V2 

2 f “ ibo” 


= 9.25 Volts/Hz. 


Since wo want to trip the motor on 5% imbalance which is 
400 X “ 20,0 X 1,75 = 54,5 voltaso, poaJk: a fotir 

percent variation in frequency i,e. 2 Hz will give appro- 
ximately 2 X 9.25 = 18.5 voltase, signal ♦ 

This causes appreciable error under balanced condi- 
tion with A% frequency deviation although the motor may be 
capable of running at these frequencies without exceeding 
magnetizing and load current limitations. 

To avoid this problem a frequency compensation cir- 
cuit is designed which adds voltage in opposite polarity 
proportianal to frequency and cancels out the frequency eff- 
ect from this circuit. 


Phase Brror Analysis of the N egative Sequenc e Network ; 
Considering only one branch of H.S, network 

^0 " 1 + 5 RCS ''i 

Therefore, 


Q 

dW 


11 /2 - tan”^ 5 WRC 

1 

1 + 9 


X 5 RC 



^ Lri 


f i-j 3.x , 



(Cf • 


3 WHO 


¥ [ 1 + 9 ] 

HU - i X - = - I 


df I 


1 + 9 X 




llll = 50-¥^ 

Therefore, 

- 2 I 180 

” * 50 i 4 n 

260 ^ 142 


deg 


200 


X degrees for 2 cycle variation 


_ - 1,02 degrr 

tK 

So the error in phase is 1^02 degrees i*e# 3/o B,na wo 
may still treat the network as true negative sequence filter 
within 48 ~ 52 Hz input. 


F requency Comnensation Circuit : 

¥e need a compensation circuit which gives us frequ- 
ency sensitivity according to equation (11) 


i* e • 


67 1 ^ 2 RO 

ts\ e = a'w (1-9 W^R^C^) + 3 6WJRC 


Pq^ "this parpose we take a network which has the same confi- 
guration as that for determing sequence quantities hut scal- 
ed by a factor say 10 as shown in figureilitfi^- 
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Suppose we consider a input vo3.tage in figure 1 then 

SCR + 1 


\3ri = 15 *. 


X 


3 SCR + 1 


6Vi 

S¥” 


6S 


RC ( 1 + 3 SCR ) - 3 RC ( 1 + SCR ) 


( 1 + 3 SCR )' 
-2RC 




( 12 ) 


, 7( 1 - 9 \rR^O^ ) + j 6 TOC I 

So the amplitude sensitivity is same as required above. 
For determining the magnitude of we rectify it and do 

e-lZ22 

peak detection. At 50 Hz WHO a ^ and \5' j_ * 




d*c* ”*'^ 3 ' d.c. 


IT 


Row theiy*^ is peak detected and the resistiros Rj^^ 
and R 2 are chosen so that 


^ 2 _ 


^ so ' 0"2 = ^ 


and ^1*"^ ** ^i Ir+^^^l “ fl •••• 


Difference I 2 . “ (^2^ ^ taken and added in phase opposition 

with the negative sequence voltage derived earlier after R.S.r 
voltage has been rectified. The output of the adder gives the 
total R.S. voltage. vU 







!r^. 
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The first advantage of above scheme is that first 
term in equ,(13) ic frequency dependent having the same 
sensitivity in amplitude as required for fT.S, voltage while 
the second term has a constant coefficient so overall sen- 
sitivity is same as that of first term. Hence at 50 Hz the 
coefficients match and the compensation voltage is zero. 




0-1 - 0-2 

*' ^ irrespective of input vol- 

tage amplitude. 

Second advantage of this scheme is that if the , 
three phase voltages are balanced and only the frequency is 
deviated then also we got true compensation and almost zero 
net IT, S. voltage irrespective of input voltage, because 


\^NS 1 true i ^NS \ network *" i compensation 

true * network ^ ^ \ co mpensation 

s 0 

Vjjg * Constant «0 (. 


For this purpose should be chosen as the positive sequence 
voltage. But since positive sequence voltage is derived from 
mains the circuit will become complicated and would require 
further amplifiers. An easier way out is to use one of the 
phase to phase voltage as input which is also supplying power 
to whole unit through transferer. This would save the need of 
further rectification and filteration as rectifiers is alre- 
ady there to derive power supplies. This would introduce error 
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in compensation to the extent that if this phase beco- 
mes unbalanced it will not provide true compensation 
against frequency variation. But since maximum permis- 
sible unbalance is 5^ taking one of the phase voltage 
as would not introduce much error in the compensat- 
ion voltage* 

This circuit is simple cheap and accurate com- 
pared to any other circuit which would have been desi- 
gned on reference frequency or reference voltage inter- 
mally generated as they would have required very stable 
voltage and frequency source and also its synchronizat- 
ion with the input voltage* 

This same circuit has been used to givo trip 
command to the relay on overfrequency operating condi- 
tion with an accuracy better than 5 % i.e. 2 x ^ - *1 
Cycle* 

The actual implementation of the scheme is shown 


in chapter 5 ahead 



-jvr 
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Design, of Current Coils ; 

lill now the emphasis was placed on voltage 
sensing and calibrating voltage quantities using lab 
oncilator design* Voltage detection provides adequate 
protection against overvoltage^ undervoltage and sin- 
gle phasing etc* but it fails to provide any protect- 
ion against overload, low acceleration and earth fau- 
lt conditions* This necessiates the need for current 
seeing and processing to avoid damage to motors. Furt- 
her for big motors having large inertia loads, it has 
been derived from analysis as shom in chapter II that 
the voltage induced in the phase that opens out is 
comparable to the line voltage when motor is running 
near synchronous speed, under this condition of single 
phasing purely voltage sensing fails* If purely current 
sensing is utilized for single phasing or unbalance 
protection, this suffers from the disadvantage that cu- 
rrent transients that might occur during loading, tinlo- 
ading starting etc* may cause undesirable tripping.This 
is especially true of motors where rapid reversal is 
taking place or oscilating load is connected. Negative 
and positive sequence filters under such conditions will 
generate their own transients if current sequenses are 
derived and will have to be deisgasd for a wide variation 
of input quantities, which will cause error in the control 
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variables which are governing the final operation of 
the relay* Here voltage sensing is advantageous beca- 
use for normal three phase supply with not very large 
line impedance will act as almost ideal voltage source 
for normal loading conditions of motor and hence the 
effect of current transients on voltage will be very 
little. Th^s the negative sequence filter is not sub- 
jected to very severe voltage transients and fluctuat- 
ions due to the loading of machine, hence accuracy of 
operations can be maintained. Therefore hybrid (voltage 
cum current) protection scheme is desirable from the 
point of view of maintaining good overall accuracy* 

The basic element for current sensing, the cu- 
rrant transformer is required for sensing zero sequence 
and normal load current* The attempt is made to design 
a low cost high accuracy current transformer which can 
bo used as a general current sensing element with any 
equipment* 

A short review is made of the conventional CT*s* 
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LOA» 


2,S 

Normaly one turn primary is ■wound over a magnetic mat- 
erial with large number of secondaries feeding a load* 

The load normally consists of a low impedance coil of 
a relay or some other protective scheme* The electrical 
equivalent of the transformer is shown in t h -e above - di - 
.agraa* , 

This GT suffers from the following inherent inaccuracies t 


The primary current after entering the CT is 
consumed partly as hysterisis loss and partly as core 
loss H0 duo to induced curreats* Efince secondary has fin- 
ite load connected across it, there is some seconday vol- 
tage induced at output. This voltage requires that there 
should be some finite flux through the core to sustain 
the voltage* Hence magnetizing current flow through X0. 

Since primary is a single turn coil, this magnetizing 
current may be enough to cause apprecable error in the 
secondary current. Even if the seconday load is made zero, 
since secondary contains large no. of turns the leakage 
inductance ^2^2 develop, due to circulation of 

current, quite large voltage across AB which again causes 
this error in the output current transformation. 


Second problem associated with such construction is 
that at high currents (say overload) the core material may 
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be subjected to operate in the Nonlinear region of B.H 
curve and correct estimate of input current can not be 
made under such abnormal conditions. 


Third disadvantage of such CT*s arises out of 
their use with modern low power high gain 10 's liko 
OP Amps otc. The OP Amps say uA741 has maximum current 
capability of 10 m Amp. To minimize current transform- 
ation error suppose we connect this CT in the virtual 
ground mode as shown in the following figure ^4 i 

V. 


-\w 





Now neglecting magnetizing and hysteresis loss 


error, 

for a 10 HP motor the input current for each phase 10 
Amp. 


Since 741 can sink or source maximum 10 m Amp 
current so I out^^^ * 10 m Amp 
so * 10 m Amp 

or, N * ■■ '- "te ' * 1 X 10^ » One thousand turns. 

10 X 10"^ 

For linear operation of Opamp at 100^ overload i.o. about 
20 Amp Two thousand turns are required. 
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Thus a large no, of secondary tarns are required 
to transform the current to OP iunp compatible lefvels, 

Stch a large no, of turns will cause large current trans- 
formation ratio error in the CT, Although this design 
may bo acceptible for low input current levels. 

Thus these CT’s can be utilized with advantage 
whore largo secondary current (Power). is required to 
operate some relay etc, directly without much processing. 

An alternative method is adopted to construct 
the CT which eliminates the above mentioned disadvantages 
and is cheaper than the conventional design. 

The stop by sten development nrocedure for this new con- 
struction is as follows ; 

Suppose we open the secondary i,e. Load is disco- 
nnected, then there is no secondary current. Now the prima- 
ry current flows through r^ and X0 and (R^ + 

R^ is the resistance of that portion of primary 
coil which is linked through magnetic circuit to secondary. 
This R^ we can treat as a part of the cable through whicto 
current is flowing. The leakage reactance is the air 
gap flux (In air) which does^ not link secondary and has 
closed rings formed in air, so Xl^ can also bo treated as 
lead inductance of the cable carrying this current. Natur- 
ally one would argue that open secondary means high imped- 
ance to primary circuit because of the presence of the core. 



But we remove the magnetic core and use some nonmagne' 
tic material or air. 


The magnetizing impedance reduces drastica- 
lly now hut at the same time the coupling coefficient 
K between primay and secondary reduces drastically. 


How the equvalent circuit becomes as shown be- 

*1^ 


low. \'^ T<i_ 

I 






1L 

Fv'H a-T. 

Since now the core is also air so and are 
of the sane order of magnitude. Since the core natorial 
is air there is no loss in primary so + Rj^ ^ 

Since there is no secondary load, so rg and r^2 lc>se mea- 
ning and hence no magnetizing current is required to sus- 
tain secondary voltage due to load. The voltage across AB 
Is the open circuit voltage induced due to primary-secon- 
dary coupling. JtjLi snd lose their identify as leakage 
and magnetizing impedance because the core natorial is 
nonmagnetic. We can only say that which portion of the flux 
of the cable is utilized in generating the secondary volt- 
age. Thus the equivalent circuit can be represented as 
fMlows. 



X\ 




^^MiUhr 

' 

•^VxVS 

se.c.«>wA«.r*^ 


■i> — , t ftiJl 

^Vc.4- .-.C 



VToJi kXv'vn 


iO 


,4 iK. .-r/»- 
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Ca.\j|€. 





The leakage flux ox the current carrying cable links 
certain number of turns of a coil and a voltage prop- 
ortional to input curront is generated in this coil. 
The advantage here is that we can increase number of 
turns in secondary to quite a large extent without 
causing any error due to r 2 and Xl 2 » Secondly there* 
is no magnetizing current required for developing sec- 
ondary voltage. Since air core in used saturation does 
not occur in a very large dynamic range and linearity 
is maintained. 


No extra inpedanco is introduced in the primary 
current path, 

Ifv'en for very large current transformation the 
cost of CT does not increase because of absence of mag- 
netic oore. The sane CT can be used from 1 HP to 25 HP 
motor without any modification. 

The advantage is now taken of hi^ gain of ^lA 741 
by connecting the CT in the hi^ input impedance mode and 
using it as amplifier of gain 100, ^ 3d . 
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5'iV^ 



for all CT’s by varying 1,0 K pot. The disadvantage of th- 
is type of construction is the interference fron external 
magnetic signal. But cast iron separators can be provided 
as shown in the following figure to avoid interaction of 
external flux. 







CHAPTER- 5 


Actual Hardware Realisation Of The Scheme : 

The main transformer for feeding power to the 

OP Amps, is a 400V'rma^ 25 p 0 ak^°^^®peak ^ 

operating voltages for OP Amps, are + 15V so a zener 
regulated power supply is used. A center tap transfo- 
rmer is designed with secondary + 25 V/1 Amp. 



The negative sequence filter is connected in the foll- 
owing manner. One of the terminals across which Vg (K. 
S. Voltage) is measured is grounded to Transformer ce- 
ntre tap. 



50 


The setting for ^ unbalance turns out to be 
^ 100 .. “ 16,5 Volts peak. 

Beyond this the relay should trip. Now for fr- 
equency compensation as discussed in chapter 3 the N.S. 
network is scaled down by a factor of 10. So Rq = ^ 
and Cq = Ox 10. 

Where Rq and refer to compensation network 
R and C to original N.S. network. 

So Cq = .Ip farad. » ~ ~ 



The AC signal for 
frequency compens- 
ation is derived 
from point C of the 
power supply trans- 

fC.i'Sl 

former.. Voltage 6 T -2 
is derived from ne- 
gative power supply 
from point ]^f^To get 
absolute value of the 
difference of “ "^2 
the following circuit 
is used. 
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1^9 


,•^'3 - 





'2*^. 

0*^ is the rectified voltage from compensation circuit 
and \^2 rectified negative voltage^. At 50 Hz - 

- 1^2 current flows into the inverting input of 

OP Amp. and voltage at points 'A* and *B' is zero. Main 
Amp. amplifies only rectified N.S. voltage. When frequ- 
ency is greater than 50 Hz. ^2 


ts and we get a net positive voltage at B = 


(O', 


-0*2^). The voltage at point *A' is zero because (-ve) 
input is virtual ground. TVhen frequency is •C 50 Hz|0-^| 
greater than|^2| ^1 conducts, and output voltage 
“5^ ( *“ ^^2^ while voltage at point B is zero. 

A is connected to inverting input of main Amp. so the 

overall amplification becomes ( ■“ ^ 

and since when A conducts voltage at B is zero so net 


voltage is - 


4lMii. All. A 


n 

v- 
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“TT \^i -^ 2 ! 5^ » ^ '9“i > l>-2 ^ 

Since B is connected to non inverting input of main 

+JRi 

Amp. the overall amplification becomes - i)“T ) 

R R xi X 

And when B conducts voltage at *A* is zero so overall 
R R R 

Toltage is ^ ( \J-2 5^-^ :c ( ^ +1) -H 

Hence effectively we get compensation voltage of same 
polarity. The advantage of this configuration over no- 
rmal absolute value circuit is that for each signal we 
require only one input resistor and no matching is req- 
uired. We are now interested in equal gain and in equns. 
I and II. 


Equating multiplying factors in I and II 


Rt ^1 ^*5 

5^ 5 ^ = T '1* 
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How from equ* (11) 


2 R C 


(^ab - ^cb) 


and from equ.(12) the rate of change of compensation 

■6Vj^l 


6slbomp= (i.39^2^02)4.j6UR0 


(y 


voltage is I 
HOW = 25 

while the negative sequence voltage is being monitored 
directly from mains. 


so 




cb 


= V'3 


ab 


Hence peak voltage is = )[3 x ^3 x f 2 x 220 

- 3 X 1.4 X 220 = 4.2 X 220 
= 924 volts peak 

so for true compensation these two should be brou^t to 
same level. 

The ratio is ^ ^ 


Since we need to switch off the relay at 17 V 

P f 

to make this voltage OP Amp, compatible we reduce H.S, 
voltage by a factor of 4 and boost compensation voltage 
by 9.1 to get overall gain 4 x 9.1 = 36,4 H 37. 

The resister for ^ 2 . chosen as lOK. To get a 
factor of "{3 for \y 2 R = 1.73 x 10 = 17. 3K connected 
directly to - V(25V), For a gain of 9.1, R^ = 91 K. 

Now to detect H.S. voltage the following circuit is used 
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1 jafd/600 Y capacitor gets charged to the true pcaJc 
and after a scaling of 590/1590 it goes to OP 

Amp, which serves to act as true 1T,S. voltage source. 

1*2 M resistor acts as a high impedance load so we get 
true peak detection rather than an average. The Uii'S, 
network acts as a high impedance voltage source. The 
approximate source resistance being 560E, which may be 
more depending on the type of imbalance especially when 
one phase opens out. Say phase ’H' opens out then curr- 
ent in 1 pfd capacitor flows through D and capacitor Cj= 
.01 pfd. So 0^ also gets charged but because of presence 
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of D there is no dischargo path available for So 
to provide discharge path under such circumstances 
resistances = 180 K are connected across phases. 
These resistors do not play any role when all the 
three phases are connected but when any of the phase 
is disconnected those resistances provide discharge 
path to G^'s. 

Suppose we derive unity gain from main Amp. 


i # e • 

so 




1 

2 


say R^ = lOK, R2 = lOK, so R^ = lOK, R^ = 20K. 
So the final circuit takes the following form 



Ft-) -is- 
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Biode is placed to avoid feed back to camp. 
Amp wlien conducts because when the voltngo is appl- 
ied to (+) input of main Amp,, the voltage is fed back 
to comp. Amp through (-ve) input of main Amp. which is 
prevented by B^,B2 is compensation of B^. Since 

Bi prevents conduction through (lOK) this resistor does 
not play any role and acts as a open circuit hence does 
not contribute to the gain for any positive voltage ai)— 
plied at noninventing input of main Amp. 

Undervoltage And Overvoltage Sensing : 

Since the unit is intended to switch off either 
at under voltage or overvoltage, wo only need to derive 
a signal which gives trip command to relay. This is acc- 
omplished with the aid of zeners as references. The use 
is made of the fact that trip signal should exist when 
either of the condtions is violated. In the operating 
region there should not exist any singnal. If this te- 
chnique is adopted then we can amplify this switching 
signal in any existing amplifier intended for amplify- 
ing some other continuous signal. We made use of the 
compensation amplifier for doing this 30b. Another adv- 
antage of using this stage is that since it acts as a 
rectifier also, the polarity of the switching signal do- 
es not effect the performance. 
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tlV ■z-ev\er 



^ "To 0&vvAjpo 


^ Ckt") 


If the motor can boar 10/4 voltage the un- 

regulated supply will be 27*5 volts. (25+2.5)* With 


zener 

R,, 


R. 


R^ +R2 


R, 


= X 27.5 = 12 ¥ 
= = 7.0 KJL 


so when it is usod with comp Amp with R^ = 91 K the 
gain is ^ =5 14, honcc when voltago exceds 27.5 vo- 
lts by ,21 volts the output is = ,2 x 25 = 5.00 vol- 
ts which switches the comparator. By varying the pot 
the adjustment for over voltage limit can be made. 


For under voltage 
cuit is used say at - 10*^ 


sensing the following cir- 
i.e. ( 25-2.5 )Vwe wish to 


switch the ckt 
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R, 


R. 



R^45l2 

\^2 

S®e.VtGIVS 

6,2 volts. 

RpX 22.5 

R^x 15 

% + R2 " 



V- 


= - 6.2 


say + R^ = 47K; 


Taa»ul> so, 22.5 Rp - 15 R-, = - 290 
hence, 22,5 (47-R2_) - 15Rn = 


- 290 

and, 57.5 R^^ = ^290 

so, R^ = = 35 K 


R, 


14 E 


With those resistors in circuit wo chock the 
voltage when input voltago is at maximum i.e. 27.5 
volts. 

27.5 X 9.2-11 = - 2 volte. 

Hence zener docs not conduct as forward diode under 

hi^ voltago condtionsAM-J-wj'VI , 

Tho gain of this stage is'*}f 9 

14 K' ’ 33K 

To avoid undervoltage tripping under.-oturting and ov- 
erload condition the PUP transistor is provided which 
is -switched from overload section. 

This completes tho voltago control design of 
tho unit, Row we proceed to current control design. 
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Spction. For Sensing Overload And Locked Rotor Condi'tion : 

The overload is sensed by a GT and amplified and 
rectified voltage is obtained at a normalized level of *5 
volt by varying as following. 



10 iifd capacitor holds the rectified voltage* An IDB® 
(Inverse definite minimum time) stage is used to trip 
the relay. The IDMT is realized using a transistor in- 
tegrator stage. To avoid tripping below 110>4 load a 



m 


reverse bias of .6 volts is applied so that the cu- 
rrent source is only operative when input voltage is 
^ 0.6 volts. The IDMT works as following. 


Q 




Suppose w© generate a curre- 
nt I a overload and let it 
charge a capacitor C, then 


° If = I 


so 


At = C 


V 


X-fflC OU€.”rjl 

If we start from ’O' voltage and switch a 


camparator at a fixed voltage 7^ then 


"fc *= 

so time a ' ovo ' rlb^ hence we get IDMD character- 

stics. 2he scheme is realized in the following way. sU^vou. 



i I 
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For 10 times overload = 5 volts so at the 
collector of BO 148, we can have + 6 volts i*e. sig- 
nal swing of (15-6) = 9 volts. At 6 volts we want 

Vr 0 “ ^ volts so 

6R2 15% 

Sp-'Tt'j - 5^4- iig = -3-® say = 30 k 

so 6 Eg “ ^5 = - 108 

or, 6(30 - R^) - 15 R^ = - 108 or - 21 R^ = - 288 

Rj^ = 13K 
R 2 = 17K 


is normally off. If/hen comparator switches 
to positive level, become on, so R 2 now has R^ in 
parrallel, so the level at which comparator will sw- 
itch again increases because the level of input is 
reduced. Thus we obtain indirect hysteresis for IDMT, 
while main comparator has only 100 mv. hysteresis. 
Suppose we want that canparater should switch back wh- 
en 1000 nfd capacitor gets charged to + 14 volts. So, 


14 R 3 - 15 Ri - ^ 

R 1 +R 3 " R2_+R3 ^ 

Therefore, 14 R 3 - 15 x 13 = 

17 R 3 = 

So wo chose R^ = lOK 


(where R^ = R 2 f f R 3 * ) 

- 3 (Ri+15) 

- 3 % - 39 

195 - 39 = 156 
9K 
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So "tho final circuil: is as follows ^1. 

R^’ = 17K‘ ' 17K CU 9K 



For 200^ overload 


t = 15 seconds 
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For lOOcT^ 


t = 3 seconds 



*^\*l !!3 l» # 

To off time is determined by 1000 jxfd and x 10 x 10^ 

discharge = ^ ^ ^158 ^ ^ 

= 10 X 1^2,58 ^ ” 2000 seconds 

^CO 

Thereforo = 1 

Therefore 

Thoreforo 1 - 5 ^ 5 ^ =1* c>r = |- 

t = 8 X 220 seconds 
~ 32 minutes . 

So motor gets 32 minutes as cooling time and can not be 
restarted manually if it trips on overload before this 
much time elapses. This time can be varied by varying 
10 K pot. 
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If too many short duration overload occur th- 
en 1000 }ifd capacitor acts as a memory and trips af- 
ter many such short duration overloads. This feature 
of the relay is very much desired especially for lar- 
ge motors to avoid damage to imsulation by providing 
sufficient cooling to the motor. 

To block low voltage operation when there is 
overload on motor the following ckt is used. 





The pot is adjusted 'so that when overload is about 
20 % the transister starts conducting and blocks low 


voltage operation. ^ 

lOO/o 

VTo == ( *5 + .1 ) = + .6 volts 


O, 

20 /* 


VTo’ = 2©-^ + .6 -»-4 = tj-a + 





15 % 

l^+R, 

- 15 X ^ 

15R. 

T\ * J"* 


12.5 ^ 2 ^ 


R 2 + i5 


15H. 


= - 6.2 volts 
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12.5 X 15 R 2 " _ 15 R 3 _ 

R 1 R 2 + - 15 X 

*— 6.2 

say + ®^2 “ 56 K 

187- 5 R 2 • 225Rt 

Thoroforo, 1^"7”845 ' ~ ^R^^OT * “ ^*2 

- 3IR2 + 36R3^ = R^R2 + 840 = 56R^ - R^^ +840 

- 20R3_ - 840 - 51 R2 =0 
or - 20R^ -1680 + 31 R^^ =0 

or + IIR3L -1680 * 0 

■ lli V121+6720 
or R^ = - — ‘— 

ll-V'6840 

“ — '■ "j 

f = 31 K _ 

Since 12*5 K is already there so (R^ - 12.5) ^ 19K 
R^ * 56 - 31 = 25 K 

Transiatuy.T;^ svritches only when there is any 
finite load so this circuit is activated only when th- 
ere is finite load otherwise while starting the motor 
it doos not cause false tripping due to zero load co- 
ndition# If after some time the load is not sufficie- 
nt this section causes the motor to trip. 



IJiiderfreq'u,6iicy And OvBrfrGq'u.eacy * 
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Since the circuit compensates the N.S. vol;bage 
whenever there is a frequency drift in the supply, a 
simple technique is used to make the gain of main amp- 
lifier non linear by means of two zeners of = 2,0 
volts as shown in main amplifier. Underfrequency and 
ovorfroquoncy settings can be independently adjusted 
by means of the potentiometers in the circuit. This 
gives a continuously variable setting for frequency and 
may be very vital for operation during peak load season 
and low load season, especially where pumps or Ball 
mills aro used. 

Section Taking Caro Of long Accolaration Time. Higfa. 
On/Off Duty Cyclo And Rapid Reversing : 

Horo one differentiator is used to find out the 
rate at which the current is decaying in the motor dur- 
ing accolaration. If this decayrato is more or equal to 
sot rate as specified by the user then overload section 
is disabled from operation. But if this rate is less th- 
an the set rate the overload section is active and trips 
the motor depending on the amount of overload. 




^2^2 O (Say 2 cycles) 

n n — -i- 
"2^2 ~ 12 


C 2 =1 jifd polyster or Disco oramic 
S 3 

Thoroforo, Rg = 80K 

So for froquoncGs above 20 cycles the capacitor C 2 s-cts as 
a short, 

SincG wo have normalized the input voltage to 
,5 ? =a 100^ load so wo can sot the rate of fall of vol- 

y»Y<9^0Vt«'OVUKt 

tago to rate of fall of load. 

Say the current becomes 10 times i.e. 1000^ and 
it falls at a rate of 50^ /sec. i.e. the voltage falls by 

I 

- .25V/S0C. 



TO 


So I = - X .25 

fhcrcforc, = - R 2 x I = + R 2 x C 2 _ x .25 suppose R 2 

A/160K 

0*0 “ ^ ^ ^ ^ *25 
= + 40 X 0^ X 10”*^ volts 
in pfd is say = 330Afd/l5V 

4%J 

Thoreforo, = + 12 volts. 

BC 148 switches and short circuits the input of integra- 
tor to ground thus preventing its operation. 

Now to prevent excessive currents for 50 cycle 
ripple and other transients from flowing through G 2 ^ 
resistor R^^^ is introduced. This acts as a very low impe- 
dance compared to the impedance of capacitor at the desi- 
red frequency causing very little voltage drop across it 
but at higher frequencies it limits the input current. 

I = = 330 X 10*^ X .25 = 80 p amp. 

Voltage drop across capn-citor = .25 volts. 

For this resistor to act as a short circuit the 
drop across it should bo .025 volts. 

Therefore, .025 = • '‘'r' 80 x 10“^ x R 

Therefore, R = 350 

So the final circuit becomes as following. 




Diode ’D’ in the forward path is to avoid negative satu- 
ration of the OP Mp, when the current suddenly increase. 

Barth Fa ult Sensing : 

A separate Band pass amplifier is used to extract 
zero 8e<juence signal from the motor. This is necessary to 
filter out third harmonic compenents from the current. Th- 
ese third harmonies might be generated either due to the 
saturation characteristics of the magnetic material of mo- 
tor or it might arise due to the feeding transformer voltage 
distortion causing third harmonics to flow through the star 
grounded winding of tho motor, A large number of secondary 
turns arc wound over the CT to get a large output. This- is 
then fed to a band pass amplifier and rectified -to get DC 
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and fed to comparator. The operating current is 100 
m .Amp, Tho VC VS configuration is used for realizing 
band pass filter. 



B^u'nt.4g. 

chosing = R2 - fi and 


(U 

chosing C = ,05 nfd 
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2ii 3 C 50 X ,05 X 10“ 


K :r 

For band width of 10 cycles, Q = = 5 

K a 5 - a 4,7, so the actual circuit is as 

following. 







CHAPTER VI 


Dosi^m of a Throo Phaac Oscilator 

SincG tho three phase supply available from dist- 
ribution centres is r^enerally unbalanced (magnitued and 
angle wise), for proper calibration of relays it is nece- 
ssary to have controlled three phase supply. Since only 
th/o voltages are required, we need to generate only two 
voltage vectors and tho third one can be generated by ad- 
ding those two vectors to form a closed trangle. Since for 
deriving negative sequence quantities the difference form 
of vectors is used i.o. and etc., under ba^nced 
condition these tv;o vectors have a phase shift of only 60 • 
Hence we need to generate two voltages which are 60° apart 

at tho line frequency (50 Hz). 

c 



Besides this to simulate actual generation conditi- 
on tho oscilator should have facility to vary the frequency 
over say 55 Hz to 45 Hz without variation in the phase dif- 
ference between those two vectors and preserving their ampli- 
tudes. 

For generating these vectors digital techniques may 
be used along with propor wave shaping and filtering, with 
the advantage that phase shift can be precisely maintained 
at 60°, but an overall review of these techniques reveals that 
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Pvltef 


^ Vv3w! w' 


'’f* Ko.se C.’ 


Tochniquo 1 for generating three 

phase voltage 

KljSl 

thoy arc curaboroono and precision in phase obtained by 
digital circuit is ultimately lost by following analog 
circuits. 


Another purely digital technique could be to use 
8 bit- ROM programmed to contain samples of SIN wave in 
oon;}unction. with Multiplexor and Demultiplexer and higii 
froquoney oaoilator and could be addressed properly to 
maintain precise 60® phase shift, l>lft cow/cvbtv 

4 

Instead a very simple technique is utilized to 
got 60® phase shift by modifying the ¥ein-bridge. osci- 
lator a little, fho principle is as following s sW^ov^ iK 






1%^ 

m&. (g) 

\n 
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For making an oecilator 1 - A(s) ^(s) « o 

or ACs) P(s) * +1 at desired frequency 

If A(a) « A i.e. frequency independent, then 

A |S(s) s + 1 i.o. phaso shift of the feed 
back network should bo zero and loop gain should bo 
unity at the frequency of oscilation. Fow if we want 
to change tho frequency of oscilation then we have to 
modify ^(s) now such that at this new frequency the 
above nontioned conditions are mot. Eow the advantage 
is taken of tho fact that whatsoever may be the method 
of variation of 0(s) if the circuit is oscilating there 
will bo zero phase shift around tho loop and if carefu- 
lly designed tho phaso shift at each node of P(s) can 
bo prooorved irreepoctivo of the frequency. 


If instead of positive feed back we had chosen 
tho negative feed back then 


^ i S ii IK . ■ill. A . ii « I. 

1 + A ^{ b ) 

For oscilation A ^(s) ss - 1 

Thon loop phaso shift required would have boon 180^, fo 
achieve this if w© use throe 60° phaso shifters.acv \m 


t 




•p- 


1 






In thic caso to vary tho froquoncy and to preserve 
phaso^all throe rotiators roquiro simltaneous va- 
riation which io noro cumhoraonio. 


So if wo roeort to positive food back and 
try to achieve *0* phase shift it is an easier task 
than achieving 180*^ phaoo shift. Say we modify the 



Tho modified Wein-hridgo acts as a low pass 
stage followed by a high pass stage. First stage causes 
a phase lag while second stafee causes a phase load and 
at somo frequency tho phase lag is compensated by phase 
load to give overall aero phase shift between input and 
output. If now both and Eg increased in tho same 
proportion tho froquoncy at which the phase cancels out 
shifts by the some proportion. 

Iiot US show it by rigorous analysis. 

SC 2 Eg 



For phaoo shift to bo zoro. 
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1 

or 1 - 

At this froquoncy 
^ o *^2^2 

vfT ’ ^ V2 

^1 inc3rco»ood by o«ino fcic'fc^jfc^sciy K IjIi©!! 

% » y-'w I. 

A. A V ^ A 

Fhaac shift at in phaoo lag network 

0Wj^^ *= f ^ 

* ®^1 


s: 0 

=* 0 or w = yB ’' a^/^""y r " " 

''"l"2^1^2 


i*o* phaoo ohift is invariant of the change but only rest- 
riction being that and R 2 has to change by same factor. 
Since ganged potontionctoro are available we may chose R^ » 


R2 *» R 

So, 


SCg R 


ro: 


(1 + S^R^C^^Cg) + S (€3^+02) a 

1 

Froquoncy of oscilation * ¥ » 
at this froquoncy gain 


as 




T,? of first network » j|^" '' 4."" ' a |’' y" ' " ' gg" 


T,F, 


ill— — 

J «#• J y*<» 

''2 


SfCT 


1+j bNCT ' %• RCi 


I'^a 


(14) 


T8 


j -•1 

P = tan If .*•. (15) which, is indepe- 

ndent of frequency of oscilation 

Siollarly = A J ¥ l,S., substituting w = 


Vf V o 




= this is also independent 

1 + j 

of frequency of oscilation ^ 

Since wo are interested in a phase shift of 60° going 
back to oqu* 15 

^ iT-a; fPVi 

'2 


tan 60 - = Y'3 Therefore, = 50. 


gain of first network 


I+TIT 




gain of second network = 

1 + 2 

overall gain with buffer = I* I* - I* 


Fm/? “ ^ 


Since the frequency is to be varied thejfe is like- 
lyhood that resisters and R2 have soine mismatch and 
may not give correct phase shift so we revert back to ori- 
gnial equations* 


¥ = 

TP la 

wlmmm 


1 


R,C, 

?R ^^2 






tss 


ItJ 


, C^* (- c. \ k Y n ai • V c>- • 

/ ^ 


t ; '< 



Since wo want + 10°j^ frequency variation both 
the rosistancG should change by + id^ around normal 
value, let us consider the worst case where R^, ^2 

are off by 10^ (in actual case even with id^ toleran- 
ce resistances they will not be off by more than 2 /j ) 
then 



TP 1= 


1,1, say 

1 

1 + 2 Vl.l 


1 

1 + 3 X x 1.048 


1 

= 1+3 1*81 

0 = tan**^ 1.81 = 61^ (one degreo more than normal) 


This surprisingly low sensitivity to phase shift 
is duo to the fact that tan 6 8 rises very steeply 

above 45^ and hence even a large change in the imaginary 
tom causes very little variation in the phase angle as 
shown billow . 
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So this requires non linear anplitude stabilization 
technique for selt adjustment of gain under such mi- 
snatciiod conditions. 

The overall scheme is realized using three 
opnnps as shown in figure II. OP imp 1 is the^ cont- 
rolled by OP Amp 3 is used to get non linear gain 
control and thus providing stable amplitude, OP Amp 
2 i# ua»d as a bUffer as well as amplifier with 
gain 2 with low output impedonce for phase 2, PET 
2 is matched with PET 1 to compensate for amplitude 
variation in output of phasc-II and to trade with 
phase-I output. The control voltage for PET 2 is der- 
ivod from PET 1 control voltage. - 



The reason for using PBT’s in conjxinction with 
each amplifier is as follows. 


TP 1 


TP 2 


^ + 3 VfT" 

Hp Cp ^2 


JL 


1 -f 


HpC^ 


S + V3 V' 


E, 


At 


centre fequency of 50Hz .say = R 2 


TP 1 


fl + 


1 


R 


50Hz 
R-, = R, 


« 1/2 


(15) 


TP 2 = 


VI + 


1 

15 

Ro 


50Hz 


1/2 


(16) 


As we vary R hy varying<>>R, there may occur mism- 
atch between R^^ and Rg thus the gain of each R-C network 
changes but as is evident from equs (15) and (16) the ga- 
in is equal for both the networks at the frequency of 
oscilation. This fact has been utilized by employing PBT*s 
in both OP Amps 1 and 2, If only one PET in OP Amp had 
boon employed total gain change to maintain oscilations 
undor mismatched conditions would have occured in OP .Amp 
1 and oiay phase 1 output would have been stabilized. The 
gain of OP Amp 2 in that case -would have been say 2, then 
phase II output at frequency other than 50Hz would have 


been 


V 

phase2 


phason 



X 2 



03 


If PET 1 and PET 2 and feed back resistors in 
OP 1 and op 2 are natchod then gain of both the ampli- 
fier s will track and since the gain of each network at 
the frequency of oscilations tracks each other, the 
variation in gain of network 1 will bo balanced out by 
variation in gain of OP imp II duo to presence of PET - 
II and vice versa for network 2, Overall gain of networks 


+ y 

*2 


n 


]fi + 




say 


2 

Gain of amplifiers required = x 

Since both the anplifer employ matched PET and sane con- 
trol voltage so gain of each amplifier due to negative 
food back becomes = x* 


Phase 1 output is stabilized due to nonlinear 


food back 
Thor of ore, 

Phase 2 



W 

X 


X Gain of OP Amp 2 



So both the outputs track each other. 


Now to simulate different kind of imbalances in ^ 
throe phase supply, the outputs are token to control am- 
plifiers where these two outputs can be nixed in to get 
difforont phase and amplitude outputs when desired. The 
circuit diagram is shown in figure S'! av\ 'Vve^t'V 




Figure S7. 

Model 1 t When switch is in position 1. Following vectors 
are available by varying H, 



Model II : Switch in position 2. By varying look pot and 
R we get following vectors. 



Model III •- Switch in position 3. By varying lodfc pot and 
R we get following vectors. 
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Power ■AD’plifiors : 


Two power anplifiors each, of 55 Watts is used 
with each phase alongwith a stop up transforncr to bo- 
ost the voltage to 440 Volts. OP Amp 741 is used as 
proaciplifior since tho frequency is only 50Hz. 


The circuit diagram of tho power anp is as sho— 
5*8 . 

wn in figure W. The output is derived through a step up 
X/p 440 V/15 Volts having magnetizing current of approx. 
10 n Amp. hence the secondary magnet zing current becomes. 


0 


X 10 m Amp. !500 m Amp. = .3 Amp. 


So this becomes the lagging current but in a power Anp 
this is dissipated as real power. At 440 V we can draw 
up to about 150 m Anp which is equivalent to 4.5 Amp. 


primary current. 

Tho composite circuit alongwith tho TIP is shO' 
wn in figure V. 5*^ . 




390 K 



Figure ^5*9 




CHAPT-ER VII 


Reeulta and Conclusions 

Different blocks of the unit were tested after 
assembling them as per the desigr^ given in different chapters 
and satisfactory performance was obtained. 

The analysis of induction motor done in Chapter II 
conforms to the practical results obtained from test on machines 
which are “listed in the same chapter. 

The frequency compensation circuit for Negative Sequence 
filter exhibits excellent compensation characteristics over 
frequency range from 45 Hz to 55 Hz, The % compensation vs, 
frequency is plotted in the following graph. 



fi-}4o . 


These ccmipensation characteristics can be improved 
by better matching of B & 0 values i'n, Negative Sequence and 
compensation circuits but for notmal operarting range they 


are good enou^« 


The CVT desci'ibed in Chapter IV was wound over a 
bakelite toroid of It " diameter with 500 turns of output 
coil and 5 tui'ns of primary. It was tested upto 12 Amps, 
alon*;; with an R-C tategrator. The sensitivity was 8 mV/Arap. 
The input output characteristic is absolutely linear. 



With proper setting in the Negative sequence filter 
the unit trips at 5?5 unbalance in voltages at 50 Hz. The 
output of absolute value circuit to an applied sine wave 
is rectified S the wave.oo sWm 






This circuit alongvitb compensation and N.S. voltage 
gives true negative sequence voltage at all frequencies of 
interest. 

The tripping characteristics of the relay under 
different input voltage and input current conditions are 
given in the, graph helow. It exhibits a linear characteristic 
in the low voltage region with input current. 



Tripping characteristics, input voltage Vs. Input 
Current, 



The derating feedback provides additional protection 
to motor against overheating under unbalanced conditions of 
voltage. The motor rating vs, unbalance in line voltage is 
shown in the following figure. 



acceleration are shown in the following figure. 



Tripping characteristics ^ input current vs. Acceleration 



The cooliiig time for medium range motors has heen 
kept 5 minutes and this time does not alter even if the 
power supply fails during the tame when motor is cooling off* 
Even if power is restored again the motor will not start 
till the set time has elapsed. This feature results in 
considerable reduction in power consumption of the unit 
because cooling timer does not require ar^r energy frcm the 
source rather it dissipates the extra energy stored in 
capacitor due to overload in motor. 

The throe phase oscillator gives sine waves of equal 
amplitude at frequencies between 45 Hz to 55 Hz maintaining 
a phase difference between 60-60,5 degrees. This oscillator 
can be used as test power source for any power equipment by 
suitably modifying the power amplifier. 

Scope far fifirther work ; 

For larger motors above 70 h*P . it may be worth-while 
to evaluate the economic feasibility of a microprocessor 
based protection scheme incorporating all the above features* 
Besides this, the protection of large motors may require 
additional theimal protection to monitor actual states 
temperature. For motors between 50—70 hp the insulation 
toLeranoe limit may require the implementation of inverse I 
characteristics which may be a little unecononrioal and 
unnsOASSamy XsT- lower rating laotcops. The schematic diagram 




For motors ranging between 1,5 to 50 hp, it is expected 
that ths proposed scheme of protection is sufficient to cater 
for all normally eiKountered faults, reliably and repeatedly. 
It should prove to be a cheap, fast and efficient scheme for 
all type of industrial and commercial applications of 
induction motors. If properly tested and fabricated this is 
expected to avoid a large number of damages to motors which 
bimetallic relays are not able to take care due to their 
inherent limitations and overdesign. 
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ihc armiysis of Induction motors shows that when 
one of the phase fuses blows, e. DTegatiwe sequence voltage 
of the order of 3% is generated across the tliree phases at 
full speed* hence the Negative sequence voltage sensing 
circi3.it should trip before this much^lroltage disbalance 
occurs* lu addition to thIvS- the motor should be dynamic- 
ally derated when the voltages are unbalanced to avoid 
overheating in the roter and stator, for small machines 
their derating factor is 2,2*1 derating in current for 
N.S* Voltage. Both these have been incorporated and tested 
orticfactorily in the present scheme. 

The frequency dependence of the E'egative sequence 
voltage sensing circuit has been n ulf ified by using proper 
compensation circuit. This feature is very important for 
proper functioning of the whole scheme under unbalanced 
conditions as frequency does not stay at 50 Hz constant, 

Tho heart of the voltage section is an absolute 
value coil using two Op-Amps, This cell performs aJLl the 
voltage functions desired. This handles low voltage, high 
voltage, frequency compensation, H.S, Voltage and no load 
signals. This results in considerable saving of hardware 
thus roducj.ng the overall cost. 

In the current control section an IDMT stage has 
boon used. This has got separate controls for setting abso- 
lute time^ overload setting and derating factors. This also 
provides certain minimum cooling time to the motor once it 



on 

tripe ^^ovor load. This cooling time is independent of power 
fa.ilure durirre t]iis mode, 

J\Yi air core 01 with, proper 10 intograter has been 
used to gonorf'-lizo tlig design for a very wido ra.ngG of 
mo'tor rt.tings find at the saane time reduce cost with impro- 
ved liiV/'.rity, 

5'or proper caliber ati on of the relay a simple 
raodifiod ivoin bridge has been utilized for generating 
thrwO chano supply. The frequency of this can be varied 
botweon 4 5-135 Hz without effecting the relative phase and 
.imn3J t’ldo. Independent control of amplitude provides the 
focii.'lty to generate unbalanced conditions. 
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